A notable characteristic of fungal genomes is that genes involved in successive steps of a metabolic pathway are often physically linked or clustered. To investigate how such clusters of functionally related genes are assembled and maintained, we examined the evolution of gene sequences and order in the galactose utilization (GAL) pathway in whole-genome data from 80 diverse fungi. We found that GAL gene clusters originated independently and by different mechanisms in three unrelated yeast lineages. Specifically, the GAL cluster found in Saccharomyces and Candida yeasts originated through the relocation of native unclustered genes, whereas the GAL cluster of Schizosaccharomyces yeasts was acquired through horizontal gene transfer from a Candida yeast. In contrast, the GAL cluster of Cryptococcus yeasts was assembled independently from the Saccharomyces/Candida and Schizosaccharomyces GAL clusters and coexists in the Cryptococcus genome with unclustered GAL paralogs. These independently evolved GAL clusters represent a striking example of analogy at the genomic level. We also found that species with GAL clusters exhibited significantly higher rates of GAL pathway loss than species with unclustered GAL genes. These results suggest that clustering of metabolic genes might facilitate fungal adaptation to changing environments both through the acquisition and loss of metabolic capacities. F ungal genes involved in successive steps of a pathway are frequently physically clustered (1-12). Evolutionary analysis of several different fungal gene clusters has shown that they have originated through different mechanisms (13-16). For example, the DAL cluster for allantoin utilization in Saccharomyces cerevisiae and close relatives originated through adaptive gene relocation (13), whereas a nitrate assimilation cluster in Trichoderma originated through horizontal gene transfer (14). However, it is unclear how these mechanisms shape the assembly of gene clusters, or how the evolutionary trajectories differ between species containing clusters and species in which the genes in a pathway are scattered across the genome.
A notable characteristic of fungal genomes is that genes involved in successive steps of a metabolic pathway are often physically linked or clustered. To investigate how such clusters of functionally related genes are assembled and maintained, we examined the evolution of gene sequences and order in the galactose utilization (GAL) pathway in whole-genome data from 80 diverse fungi. We found that GAL gene clusters originated independently and by different mechanisms in three unrelated yeast lineages. Specifically, the GAL cluster found in Saccharomyces and Candida yeasts originated through the relocation of native unclustered genes, whereas the GAL cluster of Schizosaccharomyces yeasts was acquired through horizontal gene transfer from a Candida yeast. In contrast, the GAL cluster of Cryptococcus yeasts was assembled independently from the Saccharomyces/Candida and Schizosaccharomyces GAL clusters and coexists in the Cryptococcus genome with unclustered GAL paralogs. These independently evolved GAL clusters represent a striking example of analogy at the genomic level. We also found that species with GAL clusters exhibited significantly higher rates of GAL pathway loss than species with unclustered GAL genes. These results suggest that clustering of metabolic genes might facilitate fungal adaptation to changing environments both through the acquisition and loss of metabolic capacities.
metabolic gene cluster | gene relocation | horizontal gene transfer | independent evolution F ungal genes involved in successive steps of a pathway are frequently physically clustered (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Evolutionary analysis of several different fungal gene clusters has shown that they have originated through different mechanisms (13) (14) (15) (16) . For example, the DAL cluster for allantoin utilization in Saccharomyces cerevisiae and close relatives originated through adaptive gene relocation (13) , whereas a nitrate assimilation cluster in Trichoderma originated through horizontal gene transfer (14) . However, it is unclear how these mechanisms shape the assembly of gene clusters, or how the evolutionary trajectories differ between species containing clusters and species in which the genes in a pathway are scattered across the genome.
To better understand the origins and maintenance of gene clusters over a large evolutionary timescale and a range of ecological conditions, we investigated the evolution of the Leloir galactose utilization (GAL) pathway in fungi. The detailed knowledge on GAL pathway function in S. cerevisiae (15, 16) , and the abundance of genomic data from a wide diversity of fungal species (17) , make it an excellent model pathway to address these questions. Furthermore, the relative galactose content varies substantially among different plant substrata (from hundreds of mg/g legume seeds and algal mats to less than 1 mg/g in some fruits) (18) (19) (20) (21) , suggesting that the natural substrates of fungi have likely provided ample opportunity for populations to evolve niche-dependent adaptations for galactose utilization.
The protein products of three GAL genes (GAL1, GAL7, and GAL10) are involved in four enzymatic steps (22) . In the first step, the spontaneous conversion of β-D-galactose to α-D-galactose is accelerated by the mutarotase (aldose-1-epimerase) domain of Gal10p. Notably, the mutarotase domain of Gal10p in most Ascomycota yeasts is fused with the epimerase (UDP-galactose-4-epimerase) domain, but not in other fungal lineages. In the second step, α-D-galactose is phosphorylated into α-D-galactose-1-phosphate by Gal1p (galactokinase), whereas in the third step, UDP is transferred from UDP-α-D-glucose-1-phosphate to α-Dgalactose-1-phosphate via Gal7p (galactose-1-phosphate uridylyl transferase), thereby freeing glucose-1-phosphate. In the fourth and final step, UDP-α-D-galactose-1-phosphate is used to regenerate UDP-α-D-glucose-1-phosphate by the epimerase domain of Gal10p.
Whereas GAL1, GAL7, and GAL10 are unclustered in most fungi (23) (24) (25) (26) (27) , they are clustered in S. cerevisiae, Candida albicans, Schizosaccharomyces pombe, Cryptococcus neoformans, and their relatives (23, 28, 29) . Interestingly, the three GAL gene clustercontaining lineages (Saccharomyces/Candida, Schizosaccharomyces, and Cryptococcus) are very distantly related (29) . Specifically, Saccharomyces, Candida, and relatives (budding yeasts) are members of Saccharomycotina (phylum Ascomycota), whereas the Schizosaccharomyces fission yeasts are nested within the early diverged clade Taphrinomycotina (phylum Ascomycota) (30) . Saccharomycotina and Taphrinomycotina are estimated to have diverged ≈400 million years ago (31) . The Cryptococcus encapsulated yeasts are even more distantly related to the other three lineages (Saccharomyces, Candida, and Schizosaccharomyces), as they belong to an entirely different phylum (Basidiomycota).
To better understand the origins and evolutionary maintenance of these patchily distributed GAL clusters, we identified and reconstructed the evolution of the GAL1, GAL7, and GAL10 genes and their relative physical locations in a diverse set of 80 fungal genomes. Our evolutionary analyses indicate that GAL clusters originated by at least two different mechanisms, horizontal gene transfer (HGT) and gene relocation, twice independently. Furthermore, our results suggest that GAL genes in clusters are significantly more likely to be lost than their unclustered orthologs. These results suggest that metabolic gene clusters can have multiple origins and that they likely facilitate fungal adaptation both through the acquisition and loss of pathways.
Results and Discussion
Three Distinct Syntenic Types of GAL Gene Clusters Are Found in Three Unrelated Fungal Lineages. To determine the distribution of GAL clusters across fungi, we first examined the presence and physical location of GAL1, GAL7, GAL10, and their gene neighbors in 80 fungal genomes (Table S1 ). We found that GAL1, GAL7, and GAL10 were unclustered in several major fungal clades (Fig. 1) . In contrast, the three GAL genes were clustered in all Saccharomyces/Candida and Schizosaccharomyces species exam- ; ORF-X is one of the subunits of the transport protein particle complex of the cisGolgi (32), ORF-Y is related to dTDP-glucose 4,6-dehydratases, and K1F is a cytoplasmic serine/threonine protein kinase.
(iii) The Cryptococcus type: (−GAL10, +GAL1, +GAL7, −PTP) (23, 28) ; PTP is a putative trehalose permease that is only present in Cryptococcus GAL clusters. The product of Gal7p is used to make trehalose (33) , suggesting a potential functional link between PTP and the GAL pathway that could account for the association.
GAL Gene Cluster in Schizosaccharomyces Originated by HGT from
Candida. We were surprised that the GAL clusters of the distantly related Candida and Schizosaccharomyces clades are of the same syntenic type whereas the GAL clusters of the closely re- (29, 62, 63) , is shown on the left, whereas the gene order, orientation, and homology of genes found in GAL clusters are on the right. The major fungal lineages discussed in the main text have been color-coded. Boxed "x" symbols indicate species-specific GAL pathway losses, and boxed "ψ" symbols indicate species-specific GAL pathway pseudogenization events. K1F is a kinase that is syntenic with ORF-X in both Candida and Saccharomyces. "?" symbols indicate lack of information about physical linkage. The "ORF-X alt." gene column shows unclustered ORF-X homologs. Major evolutionary events leading to the present distribution of the GAL cluster types across fungi are shown in numbered boxes (see also Table S5 ): 1. Origin of the ancestral Candida/Saccharomyces GAL cluster; 2. Origin of fused Gal10p, which contains both the epimerase and the mutarotase domains; 3. HGT of a Candida GAL cluster to a Schizosaccharomyces ancestor; and 4. Origin of the Cryptococcus GAL cluster.
lated Candida and Saccharomyces clades are of different syntenic types (Fig. 1) . To test whether the similarity between the Candida and Schizosaccharomyces GAL clusters was the result of HGT, we reconstructed the phylogenies of all Candida GAL cluster genes (Materials and Methods). All four gene phylogenies robustly supported the placement of Schizosaccharomyces sequences within the Candida clade ( Fig. 2 and Fig. S1 A-D, F, H-K, and M), and topology tests significantly rejected the monophyly of Saccharomyces and Candida sequences (Table S2) . Furthermore, Schizosaccharomyces species also contain an additional unclustered GAL10 paralog (Fig. 2 ) whose phylogenetic placement is consistent with the species phylogeny and whose protein product contains only the epimerase domain. In contrast, the protein product of the Schizosaccharomyces clustered GAL10 contains both the epimerase and the mutarotase domains, similar to GAL10 from Saccharomyces and Candida species. These data suggest that the Schizosaccharomyces GAL cluster was acquired through HGT from a Candida yeast. Interestingly, Schizosaccharomyces and
Candida species frequently co-occur in natural and controlled fermentation environments (34, 35) , providing a feasible ecological route via which the HGT event could have occurred. In C. albicans, expression of GAL1, GAL7, and GAL10 is likely regulated by Cph1p and Mig1p (28, 36, 37) . Using a DNA binding motif prediction algorithm (Materials and Methods), we found a 10-bp motif that resembles a C. albicans Cph1p binding site upstream of the clustered S. pombe GAL10 (Fig. S2) . We also identified a 39-bp motif upstream of GAL1 and GAL7 in C. lusitaniae, C. guillermondii, and S. octosporus, which is also found upstream of GAL7 in S. pombe (Table S3 ). The unique sharing of these two intergenic motifs between Candida and Schizosaccharomyces species provides additional support for the HGT of a Candida GAL cluster to Schizosaccharomyces, and raises the possibility that, in addition to the coding sequences, some of the regulatory components of the GAL cluster might have also been retained after the HGT. However, BLAST searches using Sac- Cryptococcus gattii strain R265
Cryptococcus gattii strain WM276
Cryptococcus neoformans strains JEC21 and B3501
Cryptococcus grubii strain H99
Cryptococcus neformans strain B3501
Cryptococcus neoformans strain JEC21 charomyces Mig1p and Candida Cph1p sequences do not recover any homologs in Schizosaccharomyces genomes.
GAL Gene Clusters of Saccharomyces and Candida Are Evolutionarily
Related and Originated Through Gene Relocation. Comparison of the Saccharomyces and Candida GAL clusters suggests that the two cluster types are evolutionarily related, but distinct on account of intervening genes such as ORF-X and ORF-Y, and that the GAL genes in the last common ancestor of the Saccharomyces and Candida lineages were most likely clustered (Fig. 1) . For example, the placement of Saccharomyces and Candida GAL genes in each gene phylogeny is consistent with their species phylogeny ( Fig.  2 and Fig. S1 A-E and H-L). A common origin of the Saccharomyces and Candida GAL clusters is also supported by the unique shared presence of a mutarotase domain in all Gal10p found in the two lineages (Fig. 2) , raising the possibility that the separate Gal10p domains fused after first relocating to form the cluster. Furthermore, the order and orientation of the three shared genes (GAL1, GAL7, and GAL10) in the Saccharomyces and Candida GAL cluster types is identical (Fig. 1 ), indicating that these three genes were clustered in their common ancestor. Two lines of evidence suggest that the ancestral Saccharomyces and Candida GAL cluster likely originated through relocation of native genes. First, GAL1, GAL7, GAL10, and ORF-X phylogenies are consistent with the fungal species phylogeny (Fig. 2 and Fig. S1 A-E and H-L; except for the HGT of the Candida GAL cluster to Schizosaccharomyces), providing support for the vertical origin and inheritance of each gene in the ancestral Saccharomyces/Candida GAL cluster. Second, the GAL genes in the outgroups Yarrowia lipolytica and the entire Pezizomycotina clade are unclustered (Fig. 1) , suggesting that the native gene relocation events leading to the origin of the ancestral Saccharomyces/Candida GAL cluster predated the divergence of the Saccharomyces and Candida lineages but postdated their divergence from Pezizomycotina and Y. lipolytica. Following the divergence of the Saccharomyces and Candida lineages, the gene content and order of the ancestral GAL cluster was subsequently modified in at least one of these lineages (Fig. 1) , evolving into the presently distinct, but related, Saccharomyces and Candida GAL cluster types.
Cryptococcus GAL Gene Cluster Originated Recently and Independently from Ascomycota GAL Clusters. The Cryptococcus GAL cluster is composed of GAL10, GAL1, GAL7, and PTP and is present only in C. neoformans and C. grubii but absent from C. gattii (Table 1, Figs. 1 and 2, and Fig. S1 A-D and H-K) . Furthermore, both GAL cluster-containing and cluster-lacking Cryptococcus species contain unclustered GAL1, GAL7, and GAL10 paralogs (Figs. 1 and 2 and Fig. S1 A-D and H-K) .
Several lines of evidence indicate that the GAL cluster in Cryptococcus originated independently from the Ascomycota GAL clusters. First, the order and orientation of the GAL genes differs between the Cryptococcus and both Ascomycota clusters (Fig. 1) . Second, the placement of Cryptococcus sequences in GAL1, GAL7, and GAL10 phylogenies is consistent with the species phylogeny ( Fig. 2 and Fig. S1 A-D and H-K) , suggesting that the genes found in the Cryptococcus GAL cluster are native and did not originate via HGT from Ascomycota or other outgroup lineages. Third, the Cryptococcus Gal10p protein lacks the mutarotase domain present in all clustered Gal10p proteins from Ascomycota. Fourth, ancestral state reconstruction analyses significantly support the hypothesis that the Basidiomycota common ancestor was unclustered (unclustered versus functional clustered, likelihood ratio test statistic, Δl = 7.35; unclustered versus nonfunctional or absent Δl = 6.49) (Materials and Methods).
The presence of both clustered and unclustered GAL genes in C. neoformans and C. grubii makes it difficult to determine which of the two pathway conformations is ancestral and which is derived. Interestingly, synteny in the genomic regions flanking the GAL cluster (Table 1 ) and in the regions flanking the unclustered GAL genes is conserved in all Cryptococcus species examined, suggesting that several different scenarios involving either multiple duplications and losses or HGT from an unidentified Basidiomycete could potentially explain the origin of the Cryptococcus GAL cluster. Furthermore, a cluster of three retrotransposonrelated sequences two genes away from the GAL cluster indicates that retrotransposon-mediated rearrangements (38) might have also contributed to the cluster's origin. Identifying the precise mechanism of origin of the Cryptococcus GAL cluster will likely require extensive sampling of GAL genes from early-diverging Basidiomycota.
Cryptococcus is the only lineage in which certain species contain full sets of functional clustered and unclustered GAL1, GAL7, and GAL10 genes ( Fig. 2 and Fig. S1 A-D and H-K). Importantly, the presence of these two GAL gene sets appears to be correlated with significant differences in pathogenicity between species and in function between paralogs. For example, C. gattii, which contains only unclustered GAL genes, is pathogenic to healthy individuals, whereas C. neoformans and C. grubii, which contain both clustered and unclustered GAL genes, are opportunistically pathogenic to immune-compromised individuals (39) . Furthermore, although the unclustered C. neoformans GAL10 paralog participates in galactose metabolism at 37°C and is required for pathogenicity, the clustered paralog participates in galactose metabolism at all viable temperatures and is not required for pathogenicity (23, 40) .
GAL Pathway Loss Is Accelerated in Species That Contain GAL Gene Clusters. It has been suggested that metabolic gene clustering might be widespread because it facilitates HGT of sets of functionally related genes (41, 42) . However, we noted that in our case the presence of GAL clusters is frequently associated with loss of the pathway. For example, a number of species in the Saccharomyces clade (Fig. 1) appear to have either lost (Kluyveromyces waltii, Eremothecium gossypii, and C. glabrata) or pseudogenized (S. kudriavzevii) their entire GAL pathways (43) . Furthermore, we found that GAL1 and GAL7 in C. lusitaniae each contains a single nonsense point mutation, whereas GAL10 was pseudogenized by one of three partial duplications of the 3′ region of GAL1. Because the C. lusitaniae GAL genes are still relatively intact, this pathway pseudogenization is likely to have been much more recent than that previously described in S. kudriavzevii (43) . In contrast, we did not observe any wholesale pathway losses or pseudogenizations across a broad sample of fungal genomes with unclustered GAL genes (Fig. 1) .
To test the hypothesis that gene clusters might also facilitate the loss of galactose assimilation, we examined the relative rate of transitions between either of two functional states [GAL pathway with genes clustered (C) or unclustered (U)] to a nonfunctional state [GAL pathway absent either through gene pseudogenization or loss (N)]. We found that C→N transitions were significantly more frequent than U→N transitions (a model in which C→N and U→N transitions were constrained to the same rate yielded a significantly lower likelihood than the unconstrained model; Δl = 8.21, P value < 0.02) (Table S4 ). These data suggest that rates of loss of galactose assimilation are significantly elevated in lineages containing GAL clusters.
Conclusion
We have found that fungal GAL gene clusters originated twice independently (once within Ascomycetes and once within Basidiomycetes). Analogous gene clusters have also been observed in the nitrate assimilation pathways of fungi and algae (14) and the Iroquois homeobox clusters in distantly related animal phyla (44) . Interestingly, the specifics differ substantially in each case. For example, the animal Iroquois homeobox gene clusters have originated through independent series of tandem duplications (44) , whereas the nitrate assimilation gene clusters arose partly through the independent assembly of functionally similar but evolutionarily unrelated (both within and between clusters) genes (14) . In contrast, the GAL gene clusters described here originated via the assembly of orthologous (between clusters) but unrelated (within clusters) genes.
It has been suggested that metabolic gene clustering originates through selection for more precise coordination of pathway gene regulation (45) (the "coregulation" model), thus allowing the more efficient processing of potentially deleterious metabolic intermediates. In support of the coregulation model, the intergenic region between the S. cerevisiae GAL1 and GAL10 genes contains shared regulatory binding sites (15, (46) (47) (48) , and galactose-1-phosphate, one of the intermediate products of galactose metabolism, is toxic (49) .
An alternative hypothesis is that metabolic gene clusters originate and persist because of the selective advantage of the clustered state itself [the "selfish cluster" model (42, 50) ]. In this model, genes in clusters propagate more readily by HGT than their unclustered counterparts (50) . It has yet to be shown that clustered genes have fitness advantages over and above (and in some cases to the detriment of) the fitness benefit conferred by them to the host organism that would justify the term "selfish." However, several fungal gene clusters associated with substratespecific and secondary metabolic pathways, including the GAL cluster, have spread via HGT (14, 51, 52) .
Consideration of the mechanisms underlying GAL gene cluster evolution suggests a model for the evolution of metabolic gene clusters in fungi that contains components of both the coregulation and selfish cluster models. Under this hybrid model, gene clusters originate by positive selection for coordinated regulation (i.e., GAL in Saccharomycotina; see also ref. 13 ). Once formed, clustered nonessential genes are more likely to spread to new lineages by HGT (i.e., GAL in Schizosaccharomyces) than their unclustered counterparts. However, we have found that clustering has also made wholesale pathway loss significantly more likely in GAL cluster-containing species. This is likely due to differences between species with clustered or unclustered genes in the relative ease of pathway removal and in the potential for generating deleterious metabolic intermediates. For example, species with unclustered GAL genes require three independent gene deletions, which can lead to deleterious metabolites (e.g., galactose-1-phosphate). In contrast, species with GAL gene clusters can lose all three pathway genes in a single mutational event, bypassing the risk of toxic metabolite accumulation. This suggests that clustered genes likely face a fitness tradeoff between increased spread by HGT in favorable environments and increased loss in unfavorable ones, thus facilitating fungal adaptation to diverse and changing nutritional environments.
Materials and Methods
GAL Gene Cluster Identification. We analyzed the distribution, clustering, and phylogenies of genes found in syntenic blocks in Debaryomyces hansenii and C. neoformans (Table S3) , including orthologs of GAL1, GAL7, and GAL10, the intervening genes ORF-X and ORF-Y (28), and the flanking genes K1F and PTP (a putative trehalose permease). In synteny searches, putative gene clusters were defined as physically linked groups of genes, no one member of which is more than seven genes away from any gene that is a member of the GAL pathway. Homologous GAL clusters were inferred from a sample of 80 fungal genomes (Table S1 ) using a series of custom perl scripts that rely on BLAST similarity searches (53) and gene order data from publicly available genome project assemblies or from http://fungalgenomes.org (maintained by Jason Stajich).
Phylogenetic Analysis. Genomic protein sequences were combined with similar sequences retrieved from the GenBank nr database using BLASTP. Groups of homologous genes were identified using OrthoMCL (54) , treating all sequences as within-genome. Each homologous gene matrix was aligned using MAFFT 6.624 (55) and then manually curated. Gene phylogenies were inferred using maximum likelihood (ML) (in RAxML version 7.2) (56) under a JTT plus GAMMA model, and Bayesian analysis (in MrBayes version 3.1.2) (57, 58) under mixed protein models. For the ML analysis, robustness of inference was assessed by running 100 bootstrap replicates. For the Bayesian analysis, two independent analyses were run, using four Markov Chain Monte Carlo (MCMC) chains (one cold and three hot) for 1,000,000 generations. Trees were sampled every 100 generations and the first 2,000 sampled trees were discarded as burn-in, by which point stationarity was already reached.
DNA Binding Motif Prediction. DNA binding motif predictions were performed in the MEME Suite (version 4.3.0) motif-based sequence analysis tools (59) . De novo MEME searches were performed on palindromes of all 750-bp regions immediately upstream of the corresponding GAL gene open reading frames. Motif position-specific scoring matrices were used to search for similar sequences not found in the initial search using the MAST algorithm (in the MEME Suite).
Phylogenetic Hypothesis Testing. The approximately unbiased (AU) test (60) implemented in CONSEL (61) was used to test alternative gene tree topologies (Table S2 ). The transition rates between different functional and clustering states of GAL1, GAL7, and GAL10 (functional and clustered: C; functional and unclustered: U; putatively nonfunctional: N) and the ancestral states of GAL gene clustering in Ascomycota and Basidiomycota were analyzed using the Bayes Multistate (62) module in the BayesTraits package. The species phylogeny was constructed from an RNA polymerase II secondlargest subunit (RPB2) amino acid data matrix using Bayesian inference. Two parallel MCMC chains ran for 1 million generations under mixed protein models in MrBayes, sampling every 100th tree; 17,998 trees were retained after the burn-in. Average likelihoods (l) were calculated for reconstructions across the sample of trees with C↔N and U↔N transition rates unconstrained and constrained to be equal. Alternative models were compared with the likelihood ratio test statistic Δl = 2·(log[harmonic mean(l better model)] -log[harmonic mean(l worse model)]). Log-likelihood ratio values greater than 2 were considered significant. Ancestral states for nodes were compared to "fossilized" alternative reconstructions using the methods described above. Because of the confounding effect of HGT on ancestral state reconstruction, and the limited number of full genomes available from Taphrinomycotina, clustering states in Schizosaccharomyces were coded as ambiguous.
